The aim of this study was to evaluate the clinical utility of p16/Ki-67 dual staining, for the identification of CIN in high-risk HPV-positive women from a non-responder screening cohort. P16/Ki-67 dual staining, Pap cytology, and HPV16/18 genotyping were performed on physician-taken liquid-based samples from 495 women who tested highrisk HPV positive on self-sampled material (PROHTECT-3B study). Different triage strategies involving p16/Ki-67 dual staining were evaluated for sensitivity, specificity, and predictive value for ≥ CIN2 and ≥ CIN3, and compared to Pap cytology with a threshold of atypical cells of undetermined significance. Centrally revised histology or an adjusted endpoint with combined high-risk HPV negative and cytology negative follow-up at 6 months was used as gold standard. Pap cytology (threshold atypical cells of undetermined significance) triage of high-risk HPV-positive samples showed a sensitivity of 93% (95% confidence interval: 85-98) with a specificity of 49% (95% confidence interval: 41-56) for ≥ CIN3. Three triage strategies with p16/Ki-67 showed a significantly increased specificity with similar sensitivity. P16/Ki-67 triage of all high-risk HPV-positive samples had a sensitivity of 92% (95% confidence interval: 84-97) and a specificity of 61% (95% confidence interval: 54-69) for ≥ CIN3. Applying p16/Ki-67 triage to only high-risk HPV-positive women with low-grade Pap cytology showed a similar sensitivity of 92% (95% confidence interval: 84-97), with a specificity for ≥ CIN3 of 64% (95% confidence interval: 56-71). For high-risk HPV-positive women with low-grade and normal Pap cytology, triage with p16/Ki-67 showed a sensitivity of 96% (95% confidence interval: 89-99), and a specificity of 58% (95% confidence interval: 50-65). HPV16/18 genotyping combined with Pap cytology showed a sensitivity and specificity for ≥ CIN3 similar to Pap cytology with an atypical cells of undetermined significance threshold. Because the quality of Pap cytology worldwide varies, and differences in sensitivity and specificity are limited between the three selected strategies, p16/Ki-67 triage of all high-risk HPV-positive samples would be the most reliable strategy in triage of high-risk HPV-positive women with an increased specificity and similar sensitivity compared with Pap cytology triage. Modern Pathology (2017Pathology ( ) 30, 1021Pathology ( -1031 doi:10.1038/modpathol.2017 published online 17 March 2017 The introduction of cytology-based organized cervical cancer screening programs has contributed to decreased cervical cancer incidence and mortality in developed countries. [1] [2] [3] Compared to cytology, human papillomavirus (HPV) DNA testing has a higher sensitivity with a higher negative predictive value for detection of cervical intraepithelial neoplasia (CIN) and cancer. The high reassurance of a low risk of cervical cancer for high-risk HPVnegative women is one of the advantages of the HPV DNA test, which has resulted in a shift from cytology-based screening towards HPV DNA detection as primary screening method. 4, 5 Correspondence: RMF Ebisch, MD,
The introduction of cytology-based organized cervical cancer screening programs has contributed to decreased cervical cancer incidence and mortality in developed countries. [1] [2] [3] Compared to cytology, human papillomavirus (HPV) DNA testing has a higher sensitivity with a higher negative predictive value for detection of cervical intraepithelial neoplasia (CIN) and cancer. The high reassurance of a low risk of cervical cancer for high-risk HPVnegative women is one of the advantages of the HPV DNA test, which has resulted in a shift from cytology-based screening towards HPV DNA detection as primary screening method. 4, 5 However, the high sensitivity of HPV DNA testing is combined with a lower positive predictive value, due to the fact that most high-risk HPV infections clear spontaneously and do not result in cancer. 6 Additional triage of high-risk HPV-positive women is therefore required to limit the number of unnecessary referrals for follow-up procedures in women without clinically meaningful high-risk HPV infections. 7 Currently proposed triage strategies for high-risk HPV-positive women in HPV DNA-based screening programs are repeated Pap cytology and/or HPV16 and HPV18 genotyping. Pap cytology is a relatively subjective test for which high expertise is required. Owing to its limited sensitivity repeat cytology testing within 6-12 months is needed before returning high-risk HPV-positive women with normal cytology back to regular screening. This bears the risk of losing them during follow up. 8 HPV16/18 genotyping is an objective test to triage high-risk HPV-positive women, however, this strategy alone yields limited sensitivity as it only identifies cervical lesions associated with these two high-risk HPV types. Sensitivity of HPV16/18 genotyping can be improved by combining it with Pap cytology at the cost of a lower specificity. [9] [10] [11] Another biomarker widely studied for triage is the p16/Ki-67 dual staining. P16 INK4a (p16) is a cellcycle regulatory protein that induces cell-cycle arrest under normal physiological conditions, and Ki-67 is a marker expressed during cell proliferation. 12, 13 The simultaneous detection of p16 and Ki-67 within the same cervical epithelial cell will not occur under physiological conditions and may be used as a surrogate marker of cell-cycle deregulation mediated by transforming high-risk HPV infections. P16/Ki-67 dual-stain has been previously studied as a potential primary screening test, as triage test for women with atypical cells of undetermined significance, for surveillance of women treated for high-grade CIN, and also in a limited number of studies as triage test in women with a positive high-risk HPV test. [14] [15] [16] [17] [18] [19] [20] [21] [22] The aim of the current study was to evaluate the overall clinical performance of the p16/Ki-67 dualstain test as triage method for high-risk HPV-positive women from a non-responder screening cohort.
Materials and methods

Study Population and Specimens
This study is a post-hoc analysis on physician-taken triage cervical scrapes of former non-responder women who were recruited into the screening program by offering self-sampling for high-risk HPV testing in the PROHTECT-3B study in 2011 and 2012. (PRotection by Offering HPV TEsting on selfsampled Cervicovaginal specimens Trial-3B). 23 In this trial, non-responders to the regular cervical screening program, aged 30-60 years, were invited to participate by returning self-sampled material to the laboratory for high-risk HPV testing (GP5+/6+ polymerase chain reaction; EIA HPV GP HR kit; Diassay, Rijswijk, The Netherlands). Women who tested highrisk HPV positive on their self-sample were advised to have an additional cervical smear taken by a physician for Pap cytology testing. Women with an abnormal Pap smear were referred to a gynecologist for colposcopic examination, and for women with a normal Pap smear a 6-month follow-up smear was performed for both high-risk HPV testing and Pap cytology. Further details of the PROHTECT-3B study design are reported elsewhere. 23 All women provided written informed consent. The Ministry of Health gave ethical approval for this study (No. 2010/WBO04), and the regional institutional review board approved the protocol for this post-hoc analysis.
From 495 of the total of 834 high-risk HPV-positive women in the PROHTECT-3B study, a studyendpoint was known, and a physician-taken triage liquid-based cytology cervical scrape was available. Women with abnormal cytology results (defined as ≥ atypical cells of undetermined significance) were referred for a colposcopy-directed biopsy, whereas women with normal cytology results (defined by negative for intraepithelial lesion or malignancy cytology result) were re-invited for an exit test with Pap cytology and high-risk HPV co-testing 6 months later. Women with a positive exit test, defined as atypical cells of undetermined significance or worse (≥ atypical cells of undetermined significance) cytology and/or high-risk HPV-positive test results, were referred for a colposcopy-directed biopsy. Colposcopists were aware of the high-risk HPVpositive status and colposcopy was performed according to the Dutch national guidelines. If no abnormalities were seen at colposcopy, it was advised to take two random biopsies according to the study protocol. Women with a double-negative exit test (negative for intraepithelial lesion or malignancy cytology and negative high-risk HPV results) after 6 months were considered to have a minimal risk of ≥ CIN2 lesions and were not referred for colposcopy; these women were classified as not having CIN2 (o CIN2). We included all results recorded before June 2013. At this point, the database was closed with a mean follow-up of 15 months (range: 6-18 months).
Pap Cytology
All liquid-based cytology samples were processed and reported in the laboratory of the department of Pathology, Radboud university medical center, Nijmegen, The Netherlands. The ThinPrep 3000 was used for processing, and cytological classification was performed according to the primarily used Dutch CISOE-A classification. For analysis of cervical smears, the CISOE-A classification system was translated into the Bethesda nomenclature; in which p16/ki-67 dual-stain triage in HPV screening borderline or mild dyskaryosis equals atypical cells of undetermined significance and low-grade squamous intraepithelial lesion, and worse than borderline or mild dyskaryosis equals high-grade squamous intraepithelial lesion. 24 All abnormal cytology was analyzed independently by two cytotechnicians who were aware of the high-risk HPV-positive status, but unaware of the p16/Ki-67 and HPV16/18 genotype results.
Histology and Centralized Revision
Histological results were obtained from records of the pathologists, and missing data were retrieved from the Dutch nationwide computerized registry of histopathology and cytopathology (PALGA). 25 The histology outcomes were classified as CIN2 or worse ( ≥ CIN2) or CIN3 or worse ( ≥ CIN3), CIN1, or no CIN, AIS was included in the CIN3 group. When multiple results were registered per woman, the most severe histological diagnosis was used for analysis. Histology samples collected during colposcopy procedures were subjected to central pathologist review. If the first pathologist disagreed with the initial diagnosis, a pathologist specialized in gynecologic oncology independently reviewed the case resulting in a final diagnosis. Majority consensus diagnoses were established on all available cervical tissue specimens.
Pathologists were blinded to all other study results. Six trained observers each independently reviewed one-third of the cases for the presence of dual-stained cells, resulting in two independent results for each case. A case was considered positive if one or more cervical epithelial cells were stained both with a red nuclear stain for Ki-67 and a brown cytoplasmatic stain for p16, independent of Figure 1 ). Cases were considered negative when no staining or only single staining of p16 or Ki-67 was observed in a single cell. A case was scored as inadequate if background staining prohibited adequate evaluation, no p16 and/or Ki-67 staining was visible as internal control, or if slides did not meet the squamous cellularity criteria as specified in the Hologic criteria ( ≥5000 cells per slide). Inadequate cases were excluded from evaluation. In case of disagreement between two observers, a consensus score using a multi-headed microscope was obtained. The observers were unaware of the Pap cytology result, HPV16/18 genotyping result, or follow-up data. Our data on p16/ki-67 triage of high-risk HPV-positive women was compared to previous studies found in a systematic search combining synonyms for p16/Ki-67 dual-stain and HPV. Information on sensitivity, specificity, number of participants, HPV status, cytology result, and p16/Ki-67 stain was obtained from relevant studies.
HPV16/18 Genotyping
Statistical Analysis
Descriptive statistics were used to calculate sensitivities, specificities, predictive values with corresponding 95% confidence intervals, and referral rate. The extent of overdiagnosis was estimated by using the number of referrals needed to diagnose one lesion with endpoint ≥ CIN2 or ≥ CIN3, this equals by dividing one by the positive predictive value. Differences in sensitivity and specificity between the reference strategy and the other strategies were evaluated with McNemar's χ 2 test with continuity correction. Statistical analyses were conducted using SPSS (Statistical Package for the Social Sciences) Figure 2 Trial Profile.*High-risk HPV negative and cytology negative during follow up; women with an initial cytology test result negative for intraepithelial lesion or malignancy, and after 6 months a negative for intraepithelial lesion or malignancy result and a high-risk HPV-negative test are considered to have less than CIN2 (oCIN2).
Modern Pathology (2017) 30, 1021-1031 p16/ki-67 dual-stain triage in HPV screening database, version 20.0.1 for Windows (Chicago, IL, USA). Differences in sensitivity and specificity were estimated with R, version 3.0.1, package DTComPair (Vienna, Austria). 27 
Results
Population
In the PROHTECT-3B study, 35 477 women were offered self-sampling for high-risk HPV testing. Out of 10 027 women who participated in the study, 834 (8.3%) were high-risk HPV positive on a self-sample. Of the 834 high-risk HPV-positive women, 287 were excluded because of inadequate follow up, 47 because no liquid-based cytology left-over sample was available, and 38 women because no histology sample was available for revision, leaving 462 cases available for p16/Ki-67 dual-stain cytology and highrisk HPV genotyping (Figure 2 ). The mean age of the study group was 42 years, with a median age of 38 years (range: 33-63 years).
From the total group of 462 cases available for p16/Ki-67 dual staining, 136 were positive, 113 negative, and 213 were inadequate. In 207 of the latter, the cell count was too low, in 4 cases no Ki-67 internal control was visible, and in 2 cases the background staining made adequate evaluation impossible. The low cell count in the majority of cases was probably due to the fact that too little of the sample material was left after previous tests. Of the remaining 249 women, 2 had an inadequate genotyping result; leaving 247 cases available for analysis. There was no difference in age between the included and excluded women with a median age of 38 years in both groups and a mean age of 42 years and 41 years, respectively. The excluded group contained more low-grade and normal histology results. Resulting in 47% ≥ CIN2 and 71% CIN1 or less ( ≤ CIN1) in the included group, and 29% ≥ CIN2 and 53% ≤ CIN1 in the excluded group.
Test Results and Endpoints
From the total of 247 women with a valid result for p16/Ki-67 dual-stain and HPV16/18 genotyping, 159 (64%) women had an abnormal cytology result of atypical cells of undetermined significance or worse, 136 women (55%) had a p16/Ki-67 positive score, and 99 women (40%) were positive for HPV16/18 ( Table 1) . Of the total group of 247 women, 188 women had a revised histological endpoint; 8 women had a cervical carcinoma, 68 were diagnosed with CIN3, 41 with CIN2, 19 with CIN1, and 52 with no CIN. The remaining 59 women were considered to have no CIN, based on both a high-risk HPV negative and negative for intraepithelial lesion or malignancy cytology result after 6 months ( Figure 2) . Revision of the 188 histology results yielded a similar result in 153 (81%), cases and a different result in 35 cases (19%) Revision leaded to shift of 3 cases scored as ≥ CIN2 towards o CIN2, and 12 cases scored as o CIN2, towards ≥ CIN2, resulting in a 3.6% higher ≥ CIN2 prevalence after revision.
Performance of Triage Strategies in High-Risk HPVPositive Women
In this post-hoc analysis of the PROHTECT-3b study, first the performance of six baseline triage strategies by p16/Ki-67 dual-stain, Pap cytology and HPV16/18 genotyping was explored with endpoints ≥ CIN2 and ≥ CIN3. Baseline triage with cytology testing with an atypical cells of undetermined significance threshold was used as reference strategy. This strategy yielded a sensitivity of 93% (95% confidence interval: 85-98) with a specificity of 49% (95% confidence interval: 41-56), positive predictive value of 45% (95% confidence interval: 37-53), and negative predictive value of 94% (95% confidence interval: 87-98) for ≥ CIN3. Five women with CIN3 were missed with this strategy. P16/Ki-67 dual staining showed a similar sensitivity of 92% (95% confidence interval: 84-97), with an increased specificity of 61% (95% confidence interval: 54-69) for ≥ CIN3. Six women with CIN3 were missed with this strategy. HPV16/18 genotyping alone showed a significantly lower sensitivity of 75% (95% confidence interval: 64-97), with 19 missed CIN3 cases, and a significant improvement in specificity of 75% (95% confidence interval: 68-82) for ≥ CIN3 with a referral rate of only 40%.
Three strategies showed similar sensitivity with improved specificity, compared to the reference strategy for ≥ CIN3. Similar was defined by a nonsignificant difference from Pap cytology triage. The first strategy was p16/Ki-67 triage of all high-risk HPV-positive women. The second strategy was baseline cytology with p16/Ki-67 triage restricted to high-risk HPV-positive women with atypical cells of undetermined significance or low-grade squamous intraepithelial lesion cytology, which showed a sensitivity of 92% (95% confidence interval: 84-97), with the highest specificity of 64% (95% confidence interval: 56-71), and a false negative result for 6 women with CIN3. The third strategy was 16/Ki-67 triage of high-risk HPV-positive women with negative for intraepithelial lesion or malignancy, atypical cells of undetermined significance, or low-grade squamous intraepithelial lesion cytology, resulted in an equal sensitivity of 96% (95% confidence interval: 89-99) with a specificity of 58% (95% confidence interval: 50-65), and three false negative cases for CIN3. Combined p16/Ki-67 dual staining with HPV16/18 genotyping showed a similar sensitivity, with only two missed CIN3 lesions, and a similar specificity, compared with Pap cytology triage. Adding p16/Ki-67 triage to highrisk HPV-positive women with normal cytology detected four women with CIN3, and another eight with CIN2, however, at the cost of 32 and 24 unnecessary referrals, respectively (Table 2) . For ≥ CIN2 the reference cytology strategy showed a sensitivity of 94% (95% confidence interval: 88-98) with a specificity of 62% (95% confidence interval: 53-71), positive predictive value of 69% (95% confidence interval: 61-76) and negative predictive value of 92% (95% confidence interval: 84-97). The strategy combining p16/Ki-67 triage of atypical cells of undetermined significance and low-grade squamous intraepithelial lesion cytology also yielded a similar sensitivity but with a statistically significant increase in specificity for ≥ CIN2, compared to Pap cytology triage. The sensitivity of this strategy was 89% (95% confidence interval: 82-94) with a specificity of 79% (95% confidence interval: 70-85; Table 3 ).
Our systematic search yielded five studies that previously reported on triage of high-risk HPVpositive women with all cytology categories, representing 3270 women, results are summarized in Table 4 . 22, [28] [29] [30] [31] Results of these studies show sensitivities ranging from 83 to 93% for ≥ CIN2 and 87 to 95% for ≥ CIN3. Specificities range from 53 to 75% for ≥ CIN2 and 48 to 57% for ≥ CIN3. Only the specificity for ≥ CIN3 found in this study falls outside the range, but is not significantly higher compared with previously published numbers.
Evaluation of Reproducibility
The overall κ-value of dual-stain cytology for comparing scores of two independent evaluators was 0.67 (95% confidence interval: 0.59-0.76), which is considered substantial according to the classification of Landis and Koch. 32 
Discussion
In this study we evaluated the clinical utility of p16/Ki-67 dual staining, either or not combined with Our findings on sensitivity and specificity of p16/ Ki-67 triage of high-risk HPV-positive women independent of cytology result are comparable with previously published studies, with only small differences in sensitivity and specificity between Pap cytology and p16/Ki-67 dual-stain. These studies have been performed with different high-risk HPV tests and different cell collection medium. Also, the populations in these studies are different, some are performed in a general population, others in a outpatient population, and none were previously performed in a non-responder population, which could explain slightly different results. A recent large study on p16/Ki-67 performance in high-risk HPV-positive women by Wentzensen and colleagues shows an increased specificity with a maintained sensitivity for ≥ CIN3 detection, compared with Pap cytology in triage of high-risk HPV-positive women. 29 This was also confirmed by Luttmer et al 22 who show a good clinical performance of p16/Ki-67 dual-stained cytology as triage method for high-risk HPV-positive women with an increase in sensitivity and specificity for ≥ CIN3. A previously performed study on p16/Ki-67 triage of high-risk HPV-positive women with normal cytology showed that p16/Ki-67 dual-stained cytology detects more than 70% of underlying ≥ CIN3 lesions in high-risk HPV-positive women with normal cytology at baseline. They conclude this strategy is suitable for triaging these women to colposcopy. 33 Our study also confirms the additional detection of high-grade lesions in high-risk HPV-positive women with a normal cytology result, however at the cost of additional colposcopy referrals.
Previous studies have also analyzed the clinical value of p16/Ki-67 triage of women with low-grade or normal cytology in high-risk HPV-positive cohorts. To our knowledge, none of them show results on sensitivity, specificity and predictive values of overall triage strategies with p16/Ki-67 triage of certain Pap cytology subgroups in high-risk HPV-positive women. This approach gives an overview of the whole triage strategy, instead of only results on triage of a certain cytology subgroup. Our data show that adding p16/Ki-67 triage to either lowgrade only, or alternatively, low-grade and normal Pap cytology in high-risk HPV-positive women would improve the specificity of the triage step, while maintaining similar sensitivity. With improved specificity by additional p16/Ki-67 triage of these low-grade and/or normal cytology results, unnecessary colposcopy referrals could be prevented. By adding p16/Ki-67 triage for women with atypical cells of undetermined significance or lowgrade squamous intraepithelial lesion cytology, the referral rate can be lowered from 64 to 53% with a decrease in number of referrals needed to diagnose one ≥ CIN3 lesion from 2.2 to 1.9. These strategies can easily be combined with Pap cytology triage of high-risk HPV-positive women which will be used in the new Dutch cervical cancer screening program which started in January 2017. P16/Ki-67 dual-stain was also combined with HPV16/18 genotyping. An attractive feature of HPV16/18 genotyping is that this triage method could be implemented without additional costs, as most high-risk HPV tests also have the ability of immediate HPV16/18 genotyping. In this study, triage with HPV16/18 genotyping shows an increase in specificity, however at the cost of a lower sensitivity.
An advantage of p16/Ki-67 dual-stain over Pap cytology is the reduced role of morphology. It has been previously shown that p16/Ki-67 dual-stain shows substantial to good reproducibility with almost identical performance by novice evaluators compared with reference evaluations, indicating that it can be implemented in clinical practice with limited training. 34, 35 The Kappa found in this study was lower as expected, this might be caused by the overall low quality of the samples. A disadvantage of the technique is that it cannot be reliably used on self-sampled material, as cellularity of cervical indicator cells in these samples is too limited resulting in a low sensitivity. 36 Women testing high-risk HPV positive on self-samples would therefore still need to visit their doctor for an additional clinician-taken cervical smear for triage. As such, in this setting direct triage strategies applicable to selfsamples like HPV16/18 or other biomarkers such as DNA methylation analysis are preferred. 7, 37 Dual staining neither rules-out the need for follow up, and in case the technique is used as additional triage tool after Pap-stained cytology triage, this would result in additional triage-costs. A wide variety of novel triage tests for high-risk HPV-positive women is currently being extensively studied for triage purposes. Molecular techniques based on host-and viral DNA methylation markers, and differences in geneexpression can be used as triage method in the future, possibly even with improved predictive characteristics. [38] [39] [40] Most of these markers have not yet been sufficiently validated to be ready for p16/ki-67 dual-stain triage in HPV screening implementation in screening program, but among them p16/Ki-67 dual-stained cytology or host cell DNA methylation analysis, with or without additional HPV16/18 genotyping, are attractive options for the near future. 41 An important strength of the study is that the study design is comparable to future cervical screening programs with primary high-risk HPV testing. The potential bias of HPV knowledge increases cytology sensitivity and decreases cytology specificity, which gives more reason for adding p16/Ki-67 to triage of high-risk HPV-positive women. 9, 42 A limitation of this study is the large number of samples that had to be excluded because of a limited cell count, most likely due to insufficient left-over material, or because of the longer shelf-life used in this study than advised by the manufacturer, which was within six weeks of collection.
As most of these samples are expected to be negative (because if a dual-stained cell was visible, the sample was scored as positive), the specificities found in this study might be an underestimation, with a slight overestimation of sensitivity. Another potential bias could be the fact that this study was performed in a non-responder population, this might result in slightly different results in a responder population with an expected lower high-risk HPV positivity rate.
The Netherlands and Australia will be among the first countries to initiate full high-risk HPV-based organized cervical cancer screening. It is expected that an increasing number of countries will also replace Pap cytology-based screening with high-risk HPV-based screening. The high sensitivity, reproducibility of the test, and possibility of high-throughput testing, are advantages of high-risk HPV-based screening. Triage with cytology is an obvious option because of the widespread knowledge on this technique. In line with others, our results indicate that the specificity of triage in high-risk HPV-based screening programs can be increased by replacing Pap cytology with p16/Ki-67 dual-stain, or adding dual-stain cytology as an additional triage step for low-grade Pap cytology.
Because the quality of Pap cytology worldwide varies, and two of the selected strategies are based on quality of Pap cytology, and differences in sensitivity and specificity are limited, it would be preferable to choose for primary p16/Ki-67 dual-stain triage of high-risk HPV-positive women. We therefore conclude that p16/Ki-67 dual-stained cytology of high-risk HPV-positive women shows increased specificity for ≥ CIN3 with a maintained adequate sensitivity compared to Pap cytology in triage of high-risk HPV-positive women.
